1. Introduction
===============

Metal artifacts from large implants like hip prostheses are a common problem in computed tomography (CT) imaging. Artifacts are caused by beam hardening and photon starvation.^\[[@R1]\]^ Methods for reducing artifacts used in routine practice, such as increasing tube current, cause higher radiation doses to the patient yet limited improvement of image quality. Several methods have been developed to reduce artifacts in surrounding tissues and bone--metal interface. Metal artifact reduction (MAR) algorithms have been proposed and widely studied in the literature.^\[[@R2]--[@R6]\]^ These algorithms worked on raw projection data like iterative reconstruction (IR) methods and were evaluated for small and large implants.^\[[@R7]--[@R9]\]^ The results showed improved image quality and diagnostic accuracy. Several studies demonstrated that MAR improves diagnostic assessment in the surrounding tissues and the bone--implant interface.^\[[@R10]\]^ In routine clinical practice, IR algorithms are available and used mainly for x-ray dose reduction, enabling significant dose reduction while maintaining image quality.^\[[@R11]--[@R13]\]^ These algorithms detect noise-related artifacts and compare them in the projection and image domains, serving as a potential method to reduce metallic artifacts.^\[[@R14]\]^ The purpose of this study was to quantitatively and qualitatively evaluate the impact of a new iMAR algorithm on overall image quality and diagnosis compared with filtered back projection (FBP) in hip prosthesis in clinical routine practice, with special focus on bone--metal interface regarding new artifacts produced by this algorithm.^\[[@R15]\]^ We also evaluated the impact of advanced modeled iterative reconstruction (ADMIRE); the third and latest generation of IR from Siemens in artifact reduction. In addition, we evaluated the accuracy and agreement between readers to detect pathologies localized near metal as well as in the surrounding soft tissue.

2. Materials and methods
========================

2.1. Patient population
-----------------------

The local Swiss ethics committee on research involving humans approved this prospective study and waived the need for written patient consent. Patient data was anonymized. Patients referred to the department for pelvic CT examination for hip prostheses complication (loosening, septic complication, prosthesis dislocation, periprosthetic fracture) were included consecutively.

Between March and October 2016, a total of 28 patients (men: 14; women: 14; mean age: 75.14 years) were included consecutively in the analysis; 21 patients had a unilateral hip prosthesis and 7 a bilateral hip prosthesis. The mean of body max index (BMI) was 22.47.

2.2. Computed tomography protocol and image reconstruction
----------------------------------------------------------

All CT scans were performed using a second-generation dual-energy computed tomography (DECT) scanner (SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany). A standard single-energy protocol (120 kV) was applied in all patients. Pitch was always set from 0.45 to 0.9, and collimation was 64 × 0.6 mm. When contrast medium was clinically indicated (80--120 mL of Accupaque 350, GE Healthcare, Opfikon, Switzerland) were injected at a flow rate of 3 mL/s and flushed out by 40 mL of saline solution at a flow rate of 3 mL/s. Five cases of injected CT were carried out to exclude collection in prostheses surrounding tissues. All CT scans were performed in single energy acquisition (X ray tube current: 300 mAs) with utilization of automatic exposure control (Care dose, Siemens; Forchheim, Germany). The raw datasets were then reconstructed with FBP and ADMIRE level 3 with and without iMAR (the level used in our department with reference to literature ).^\[[@R13]\]^ Hip prosthesis-dedicated iMAR was always chosen (the system proposes different iMAR algorithms, each dedicated to a specific clinical question). We used a soft tissue kernel (B/I41f medium). The slice thickness interval was 1.5 mm. Four different reconstructed series were thus obtained for every patient: FBP, FBP+iMAR, ADMIRE, and ADMIRE+iMAR.

2.3. Qualitative image analysis
-------------------------------

Subjective image analysis was performed in a double-blind mode with appropriate time interval (1 month) for all reconstructed series by 2 board-certified musculoskeletal radiologists with 3 and 1 years of experience, respectively. All reconstructions were displayed in a bone window (level 300/width 1500). The readers were allowed to optimize the images by adjusting the window parameters and analyzed 3 parameters: overall image quality, diagnostic confidence for the assessment of pelvic organs, and metal--bone interface. The Likert scores used are summarized in Table [1](#T1){ref-type="table"}.^\[[@R8]\]^

###### 

Likert scores of qualitative parameters analyzed: overall image quality, diagnostic confidence for the assessment of pelvic organs and metal--bone interface.
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Furthermore, all suspected cases of loosening in FBP + iMAR reconstructions were compared with standard pelvic x-rays, which are considered the gold standard ^\[[@R16]\]^ and diagnostic accuracy was calculated.

2.4. Quantitative image analysis
--------------------------------

Image noise of FBP, FBP+iMAR, ADMIRE, and ADMIRE+iMAR was determined in an axial CT slice in predefined structures (region of interest \[ROI\] 1: gluteus medius muscle; ROI2: rectus femoris muscle; ROI3: subcutaneous fat; ROI4: femoral vessels in injected CT) by measuring standard deviation (SD) in a standardized circular ROI at the exact same location for every reconstruction.^\[[@R7]\]^ The SD of the CT numbers was calculated in all 4 reconstructed images for every patient. To ensure reproducibility of measurements in the 4 different reconstructed series from the same single acquisition, standardized circular ROIs of 10 mm^2^ were positioned in copy-paste mode and repeated for every series 2 times to allow data consistency.

2.5. Statistical analysis
-------------------------

All statistical analyses were performed using GraphPad Prism 6.0e (Macintosh Version by Software MacKiev 1994--2014 GraphPad Software, Inc, San Diego, California). Interobserver agreement of subjective image analysis was determined using Kendall W coefficient of concordance. Values of 0 to 0.2, 0.21 to 0.40, 0.41 to 0.60, 0.61 to 0.80, and 0.81 to 1.00 were considered to represent slight, fair, moderate, substantial, and almost perfect agreement, respectively. Normality of the data for subjective analysis was tested using the D'Agostino-Pearson omnibus normality test, the Shapiro--Wilk test, and the Kolmogorov--Smirnov normality test. Due to non-normally distributed values, comparison of the subjective analysis medians from FBP, ADMIRE, FBP+iMAR, and ADMIRE+iMAR was performed using the Friedman test. Results are given as medians and interquartile ranges. A *P* value of less than .05 was considered statistically significant. Quantitative data was compared using ordinary one-way analysis of variation (ANOVA) test given the normally-distributed values, with results presented as means and SDs also and statistical significance set at under 0.05.

3. Results
==========

Twenty-eight patients and 35 prostheses (21 patients with unilateral and 7 with bilateral prostheses) were included in this study. Seven cases with bone--metal loosening, 5 cases with collection or gluteal bursal collection, and 3 cases with femoral fracture around the stem were diagnosed. In the other cases, the CT was negative.

3.1. Qualitative image analysis
-------------------------------

The results of the subjective analysis are summarized in Table [2](#T2){ref-type="table"}. All the studied parameters improved with the use of IMAR with *P* values \<.001 for image quality, diagnostic confidence for the assessment of pelvic organs, and bone--metal interface whereas ADMIRE had no significant impact with *P* values \>.09 respectively (Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Interobserver agreement ranged from high to excellent for all parameters (W ≥0.772) (Table [3](#T3){ref-type="table"}).

###### 

Comparison of median values of image quality, diagnostic confidence for the assessment of pelvic organs, and bone--metal interface.
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![Artifact reduction in left hip arthroplasty in bone--metal interface and surrounding tissues when using iMAR (B, D) comparing with FBP (A) without impact of ADMIRE (C). iMAR = iterative metal artifact reduction, FBP = filtered back projection, ADMIRE = advanced modeled iterative reconstruction.](medi-98-e14341-g003){#F1}

![Case of bilateral hip prosthesis showing the improvement of image quality for pelvic organs in images constructed with iMAR (B, D), again without additional value of ADMIRE (C) compared with FBP (A). iMAR = iterative metal artifact reduction, FBP = filtered back projection, ADMIRE = advanced modeled iterative reconstruction.](medi-98-e14341-g004){#F2}

###### 

Interobserver agreement of subjective image analysis using Kendall W coefficient of concordance.
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Concerning the comparison with the gold standard for loosening evaluation, we suspected bone loosening in 5 patients based on iMAR reconstruction yet were unable to confirm either with the FBP reconstruction or conventional radiography. These results were considered false positives (Fig. [3](#F3){ref-type="fig"}). We suspected bone loosening in 7 patients based on all CT reconstructions, which was also confirmed by conventional radiography (true positive). In all other cases, no loosening was detected, either using CT, FBP or iMAR reconstructions, nor in x-ray (true negative cases, n = 21). Thus, the accuracy of iMAR algorithm was 0.81 to detect metal--bone interface loosening.

![Pseudo-loosening. X-rays of right hip prosthesis showing no sign of loosening in bone-metal interface, especially in Gruen zone 7. Coronal CT reconstructions in FBP (b) showing a beam hardening artifact at this level hiding that area (or hindering the analysis) (thin white arrow); disappearance of this artifact in iMAR reconstruction (c) but creation of pseudo-loosening artifact (thick white arrow).](medi-98-e14341-g006){#F3}

3.2. Quantitative image analysis
--------------------------------

The results of the objective image analysis are summarized in Table [4](#T4){ref-type="table"}. When iMAR was not used, the density measured in the muscle was different from the standard values, with a very high SD and *P* values = .92 for gluteus medius and = .48 for rectus femoris, meaning that the measurements took into account streak artifacts. When iMAR was applied to the data, the measured density corresponded to the expected values of muscle density and the SD was lower, meaning that streak artifacts almost disappeared with *P* values = .04 for gluteus medius and \<.002 for rectus femoris.

###### 

Comparison of computed tomography number values in muscles (Gluteus Medius and Rectus Femoris) and in intra-abdominal fat between FBP, ADMIRE, iMAR, and ADMIRE+IMAR.
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When the ROI was placed in the intra-abdominal fat, far from the metallic artifacts, the density measured always corresponded to fat density, with no advantages afforded with either iterative reconstruction algorithms (Table [4](#T4){ref-type="table"}) and *P* values = .48, = .99, and = .99 respectively in FBP, ADMIRE, and FBP+ iMAR reconstructions.

4. Discussion
=============

In our study, we highlighted that iMAR reconstruction significantly reduced artifacts near metal and in the surrounding tissues, while also enabling accurate diagnosis for hip pain. iMAR had an impact on high- and low-density streak artifacts in surrounding tissues. However, we noted new artifacts mimicking prosthesis loosening, particularly in the proximal femur, as shown in our results.

Metal artifacts still present a challenge in hip prosthesis today. These artifacts are due to beam hardening and photon starvation.^\[[@R17]\]^ This affects adjacent tissues, mainly in the pelvis. Increasing tube currents and using high kV energy improves image quality but also increases radiation doses.^\[[@R18]\]^ The best-known reconstruction algorithm used in CT imaging, known as FBP, fails to reconstruct the image due to inaccurate projection data.^\[[@R19]\]^ Dual energy makes it possible to reduce artifacts by using different absorption spectra.^\[[@R20],[@R21]\]^ Iterative methods^\[[@R7],[@R8]\]^ and sinogram inpainting technique including MAR algorithms which target the beam hardening artifacts^\[[@R22]\]^ are increasingly used. Despite the fact that these approaches are available, the creation of new artifacts by new methods is a significant drawback, limiting their clinical use. Moreover, iterative and interpolated reconstructions that have been developed are limited by the need for additional postprocessing and dedicated workstations.^\[[@R5]\]^ The sinogram inpainting techniques recently developed, offer visible benefits in reducing metal artifacts ^\[[@R2]\]^ and especially useful in hip arthroplasty as demonstrated in our study. These studies assessed subjective image quality and pelvic structures and reported significant reduction of artifacts and improvement of overall quality as in other types of metal implants (dental, spinal hardware, and fracture devices). These different techniques and studies, however, also demonstrated the appearance of new artifacts (high- and low-density streak) generated by different algorithms.

Many studies have recently undertaken to explain new artifact emergence.^\[[@R23]--[@R26]\]^ The interpolated sinogram inpainting MAR algorithm is a technique that interpolates the projection data using neighboring information with the aim of replacing the corrupted images. This algorithm causes secondary artifacts as the transition is not sufficiently smooth.^\[[@R27]\]^ The second main method is the normalized metal artifact reduction that may originate from the same problem as linear interpolation (LI) and also increases secondary artifacts, particularly when the target contains more than 1 metal.^\[[@R28]\]^ Recently, Peng et al^\[[@R29]\]^ proposed another innovation, a Gaussian diffusion sinogram inpainting in a fan-beam scanner. iMAR is developed from sinogram inpainting, combining it with linear interpolation. FBP is used and then a metal image is created. This metal data is then replaced with interpolated data from adjacent projections.^\[[@R30]\]^ This approach has 2 major limitations: the sharp transition between interpolated and noninterpolated data results in new streak artifacts, and the lost coverage around the metal cannot be recovered by interpolation, resulting in blurring. To resolve this problem, iMAR normalizes the sinogram before interpolation. The output image is used several times as the input image for the next iteration. High-frequency data is replaced with high-frequency data from the original FBP reconstruction to recapture the data near the metal edge.

To overcome this drawback of new artifacts, Treece^\[[@R31]\]^ compared several algorithms on various phantom data sets and clinical data sets of hip CT scan and showed that metal deletion technique (MDT) and new algorithm (refinement metal artifact reduction \[RMAR\]) are able to reduce as well as other techniques metallic artifacts with better performance and less new artifacts on the far field.

Our study focused on a new commercial algorithm affording significant artifact reduction, as demonstrated recently by other studies in hip arthroplasty cases clinically suspected of potential material complications.^\[[@R32]\]^ The results of this study demonstrated the emergence of new artifacts and pseudo-lucent areas in bone at the interface with the prosthesis mimicking loosening. This finding has a significant impact on CT interpretation considering one of the principal challenges of CT is to detect loosening. Until now, conventional radiography of hip and pelvis has been the gold standard for surgeons.^\[[@R16]\]^ Despite the studies on CT, magnetic resonance imaging (MRI),^\[[@R16]\]^ and single-photon emission CT (SPECT)-CT,^\[[@R33]\]^ x-ray remains the gold standard for loosening detection. CT is more efficient in detecting collection in surrounding soft tissues, and when combined with artifact reduction protocols it is also efficient for joint effusion and analyzing bone-- or cement--metal interface.

The new artifacts created by these algorithms that mimic loosening limit their use, and care should be taken when loosening is suspected.

Our findings thus confirm those of former studies. We compared ROI near arthroplasty and in distant tissues at cup and stem levels between FBP and iMAR. In objective results, attenuation values fluctuate in the muscles, attesting to the new artifacts created by iMAR.

In another hand, the ADMIRE technique is an iterative method and an available option to reduce radiation doses and optimize image quality mainly in cardiac imaging.^\[[@R13],[@R34]--[@R36]\]^ Its capacity to reduce metal artifacts is, however, nonsignificant with inconsistent clinical impact, as demonstrated in our study.

This study has some limitations. First, we included only a small number of patients, even though hip arthroplasty is widespread, because of our including patients undergoing pelvis CT only to exclude arthroplasty complications. The readers were blinded to CT analysis for subjective findings, but the remarkable difference between FBP and iMAR could influence the subjective analysis, even when the images were interpreted several weeks apart. iMAR is a commercial technique available from 1 constructor. This study evaluated the impact of additional iterative reconstruction (ADMIRE) but did not evaluate the advantages of iMAR when scanning at lower energies. Our study confirmed the superiority of iMAR over FBP in terms of image quality and artifact reduction yet provided contrary findings to those of Subhas et al^\[[@R31]\]^ in terms of its ability to detect pathologic lesions near prosthesis with more confidence in a phantom model. It should not be forgotten that reconstructions are performed instantly, and with the increasing availability of these techniques from multiple constructors this technique could be used in routine practice. Comparison with FBP is mandatory, and it is even recommended to compare with other techniques (x-ray, MRI, or SPECT-CT) to avoid false-positive diagnosis of bone loosening on iMAR images, which is still a concern with sinogram inpainting techniques.

5. Conclusion
=============

This work confirms the commercially-available technique iMAR\'s capacity to improve image quality as well as to reduce metal artifacts due to hip prosthesis. The combination of further iterative reconstruction (developed for dose reduction) has not proven to be of additional value for decreasing metal artifacts. The emergence of new artifacts in the bone--metal interface means vigilant analysis of iMAR reconstructions is required, as well as simultaneous reading with standard reconstructions in addition to comparison with other imaging modalities.
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